In this paper, we describe a simple and rapid method of fabricating hot embossing tools using polydimethylsiloxane (PDMS), which are then used to rapidly fabricate microchannels in polymethylmethacrylate (PMMA). A negative photoepoxy SU-8 or thick positive photoresist AZ4620 on silicon was used for molding during PDMS casting. Fabrication time of these PDMS tools was considerably less than those using conventional techniques and remains the same regardless of the aspect ratio of features. The described approach was used to emboss microchannels in PMMA of aspect ratios up to 2, with depths from 5 to 250 µm and widths over 40 µm. The technique was also applied to fabricating orthogonal 3D microchannels using multiple lithography steps. The use of a soft tool material increased cycle time and limited the tool lifetime to approximately 20 cycles. Our successful demonstration of PDMS embossing tools presents an alternative approach for rapidly prototyping microfluidic biochips when fast processing and low cost are important and the number of samples is relatively low.
Introduction
Polymer microfabrication methods are becoming increasingly more popular as alternatives to the established silicon and glass-based microelectromechanical system (MEMS) fabrication technologies [1] . With MEMS technologies revolutionizing chemical and biomedical applications, established silicon and glass processing methods exhibit limitations due to the complex fabrication procedures, geometrical design restrictions and costs involved. By contrast, polymers show several major advantages that are not immediately available in silicon and glass, including a wide range of material characteristics, biochemical compatibility, ease of processing and prototyping, and lower cost. These characteristics make polymers the most promising substrate materials for applications in life sciences. A number of microfluidic systems have been recently demonstrated in polymers for biomedical applications, including miniaturized electrophoresis chips [2] [3] [4] , drug delivery systems, microfluidic mixers [5] [6] [7] , pumpsand valves [8] , devices for cell or protein patterning [9, 10] and microfluidic switches [11] . Injection molding, hot embossing, casting and laser ablation are the techniques typically used to micromachine polymers.
Injection molding is one of the most well-known technologies where polymer pellets are melted in a heated screw and injected at high pressure against the tool to replicate features. The process can be automated and used to fabricate biochips at a very fast rate, but is limited by the tool materials and the availability of appropriate substrate polymers. Casting is an inexpensive but slower technique for fabricating microfluidic devices in elastomers, where the elastomer precursor and the curing agent are mixed at a fixed ratio and poured over the template. The system is thermally cured, allowing the elastomer to be peeled off once it sets. The most prominent elastomer used is polydimethylsiloxane (PDMS), and the casting template can be fabricated by conventional micromachining techniques [2] . Laser ablation is a direct technique in which the energy of a laser pulse is used to break bonds in a polymer molecule and to remove the decomposed polymer fragments from the ablation region [10, 12, 13] . However, the interaction of the laser light and the polymer material induces surface modifications compared to the untreated material [12, 13] .
Hot embossing is a reasonably fast and moderately expensive technique used to replicate microfluidic channels in thermoplastics. It is a simple process, where the polymer and the tool are heated above the glass transition temperature (T g ) of the thermoplastic and a controlled force is applied under vacuum. With the force still applied, the assembly is cooled below the T g and they are de-embossed. Though the process cannot be fully automated, it is widely used to replicate microstructures on thermoplastics having different glass transition temperatures due to low start-up costs and ease of fabrication. Hot embossing offers the advantage of a relatively simpler replication process with few variable parameters and high structural accuracy and is therefore suited for a wide range of microfluidic applications from rapid prototyping to high volume mass fabrication [3] .
Becker and Gartner [12] compared the prominent replication technologies with respect to different properties including cycle time, materials, process conditions, automation and geometry. In general, the success of any replication technology is completely dependent on the tool (also called the master) since any surface defect will be replicated faithfully in the polymer. For example, a tool for injection molding must be a rigid material to withstand high pressure and should have good thermal properties at high temperatures. There are a number of methods used to fabricate tools for various replication technologies, including traditional CNC machining, x-ray or UV LIGA followed by nickel electroplating and wet or dry etching of silicon. Surface morphology, adhesion to thermoplastics, lifetime, feature sizes and costs are the critical factors to be considered in tool fabrication.
CNC machining of materials such as stainless steel offers a very long lifetime but is mostly used for large features, often greater than 100 µm, with tolerances in the range of approximately 10 µm [1] and is limited by difficulties in machining complex designs. Since the entire tool is fabricated of the same material, any adhesion problem between the substrate and features is entirely avoided which results in a long lifetime. With established micromachining techniques and suitable thermal properties, silicon is considered to be a very good material for use as an embossing tool [12, 14] . Wet etching of silicon can be used to fabricate both low and high [15] aspect ratio features. A major disadvantage however is the non-rectangular shape formed due to the crystallographic planes. Alternatively, dry etching techniques such as deep reactive ion etching (DRIE) can be used to fabricate deep, high aspect ratio structures with vertical walls [12] . However, scalloping or high surface roughness due to non-optimized or fast etches can limit the desirable depth of structures resulting in poor de-embossing characteristics. Additionally, specialized equipment is necessary to perform DRIE which may not be available at all research laboratories.
Conventional lithography, x-ray or UV LIGA followed by electroplating nickel or nickel alloys on silicon or nickel substrates is a common technique of fabricating tools with very small and complex features [1, 3, 12, 16] . The electroplated nickel surface can be very smooth and can have good surface chemistry with many polymers [12] . However, electroplating of tall, high aspect ratio structures is time consuming [16] [17] [18] and increasing the current density to speed up the process typically increases stress levels. In addition to stress, poor adhesion to the substrate seed layers and nonuniform deposition are the other issues to be considered in electroplating. X-ray LIGA offers a potential solution in fabricating tools with very small, complex features and high aspect ratio structures [12, 19] , but is highly limited by the restricted availability and high cost associated with the synchrotron radiation sources. Replication tools with aspect ratios of some 10 to 600 can be fabricated using LIGA, and the lifetime of these mold inserts was reported to be as high as 1000 cycles [20] . The surface roughness of the tools was reported to be as low as 10 nm [12] .
Recently, PDMS casting was used to fabricate passive microfluidic mixers. Beebe et al [5] reported an orthogonal 3D serpentine mixer fabricated in PDMS enhancing chaotic advection. Stroock et al [6] reported a passive mixing device in PDMS with ridges fabricated in the bottom surface of microchannels using two-stage photolithography to define the casting template. However, there is no simple process for fabricating such orthogonal 3D microfluidic devices in thermoplastics (e.g. polymethylmethacrylate, cycloolefin copolymers) [7] , which are harder materials and are capable of supporting significantly higher fluidic pressures than PDMS. One of the key reasons is that the current ways of fabricating orthogonal 3D embossing tools are quite complex, time consuming and involve creation of layered structures through repetitive steps such as multiple lithography followed by etching silicon or electroplating nickel.
Replication using polymer tools has been gaining popularity due to considerable reductions in cost, complexity and fabrication time. Chiang et al [21] characterized the process of double casting using standard lithography to define a silicon template and casting PDMS against it. A second casting was done using this PDMS as the tool, and the microstructures were fabricated on various polymers such as polyurethanes, epoxies and Teflon. However, double casting typically is done with slow-curing polymers to obtain faithful replication of the PDMS tool, resulting in longer process times. Also, the surface chemistry of various castable polymers offers a potential problem with de-embossing, which in turn necessitates the use of release agents during the separation of the two polymers. Edwards et al [22] used negative resist SU-8 as a tool for injection molding and replicated parts in polycarbonate and polypropylene. Following hard baking, the negative epoxy SU-8 was used directly as a tool for embossing or injection molding. The lifetime of these tools was very short (few tens of replication) due to the poor adhesion of SU-8 to the base substrate during de-embossing.
All of these techniques are time consuming and require specialized equipment not readily available in every clean room. Thus, there is a need for a more rapid, simpler approach to fabricate microfluidic systems. In this paper, we present a simple technique that allows rapid and low-cost fabrication of embossed planar microfluidic channels in thermoplastics using tools made from PDMS. This technique is also extended to the fabrication of orthogonal 3D microfluidic systems incorporating features within microchannels by combining photolithography processes using AZ4620 and SU-8 resists. 
Methods
Our fabrication process used a single layer of SU-8 (2075 series, MicroChem Corp.) or AZ4620 (Clariant Inc.) photoresist to define a template for casting PDMS (Sylgard 184, Dow Corning Corp.) to form an embossing tool. The PDMS tool was then used to emboss the microchannels in polymethylmethacrylate (PMMA) thermoplastic substrates (3 inch diameter and 700 µm thick, GE polymer shapes). We formed the orthogonal 3D microfluidic devices using a second photolithography step to define features inside the main channel before casting PDMS. Schematic representation of the fabrication sequence of both planar and orthogonal 3D tools is shown in figure 1.
Planar casting templates
Initially, negative epoxy SU-8 was spun coated on a clean 3 inch silicon wafer to form a thick mold, 40 µm or more, and soft baked in a convection oven at 95
• C for 2 h. The wafer was then exposed to UV light using a dark field mask with the desired features. An inexpensive transparency may be used as a mask with a high-resolution image of the CAD design for rapid prototyping. Following the post exposure bake in a convection oven at 95
• C for 20 min, the wafer was developed under controlled agitation. The developed wafer contained features defined exactly the way they had to appear in the final PMMA substrate. The wafer was hard baked to strengthen the SU-8 and to minimize damage to the resist during casting. This baking step was optional for simpler features but was critical when the mask had complex or very small features. Many investigators [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] have optimized SU-8 processing for different applications involving various aspect ratios and feature sizes.
For thinner casting templates, up to 40 µm thick, positive photoresist AZ4620 was used to reduce processing time. A clean 3 inch silicon wafer was coated with resist of a desired thickness. The photoresist soft bake included the following process sequence: 4 min at room temperature, 4 min in a 65
• C oven, 4 min on a 100
• C hot plate, 4 min in a 65 and then was rested for 30 min at the room temperature. This was followed by the standard UV exposure using a light field mask. The resist was then developed in AZ400K developer diluted with water at the ratio of 1:3.5.
Orthogonal 3D casting templates
Fabrication of the orthogonal 3D embossing tools was similar to the fabrication procedure described earlier. The key difference was the second photolithography step performed to define the features within the microchannels. The process began with photolithography to define the 110 µm thick layer of the molding template in SU-8 that formed the microchannel. Next, the 20 µm thick features in positive thick resist were defined inside the developed areas of the first level.
Casting planar and orthogonal 3D embossing tools
PDMS elastomer precursor and the curing agent were well mixed in a plastic beaker at the ratio of 10:1. The mixed elastomer was poured against the silicon wafer to generate the negative replica of the features in the template. The mixture was degassed for 1 h to remove air bubbles formed during mixing and pouring. It was then cured on a leveled, flat hot plate at 60 • C for 3 h. The flatness and proper leveling of the hot plate were critical to ensure that the PDMS tool was uniform in thickness throughout. The uniformity in tool thickness was necessary to faithfully replicating it during embossing. The cured PDMS was peeled off carefully from the silicon-molding template to release the embossing tool. Prior to PDMS casting, the mold was treated with CF 4 plasma for 1 min at 300 W for easy removal of PDMS from SU-8 after casting.
Embossing
The embossing system used in this work (MTP-10, Tetrahedron Associates Inc., San Diego, CA) is shown in figure 2 . The machine has a top stationary hot plate and a bottom movable hot plate on which the tool and polymer were placed. A vacuum pump was connected to the machine to provide high vacuum during the entire embossing cycle. The PDMS embossing tool and the PMMA thermoplastic were heated together on a movable hot plate to a temperature of 146
• C, which is 40
• C above the glass transition temperature of PMMA under high vacuum. The vacuum was used to prevent the formation of air bubbles due to air entrapment in small cavities during the embossing process. After the tool-polymer sandwich reached the embossing temperature of 146
• C, a uniform, controlled force of 4.45 kN was applied by raising the bottom hot plate, which was held against the top stationary hot plate for 15 min. With the force still applied, the system was cooled below the glass transition temperature, where the assembly was held for an additional 5 min, and finally cooled to room temperature. On reaching room temperature, the force was released by retracting the bottom hot plate to its original position. The tool-polymer sandwich was removed from the machine and de-embossing was performed manually by peeling the PDMS tool from the PMMA. The entire embossing cycle, including heating and cooling of the hot plates, took approximately 1 h. This procedure was followed to emboss features of different depths.
Results and discussion
Planar and 3D PDMS embossing tools of different thickness and aspect ratios were fabricated using photoresist molds. A PDMS tool for a microfluidic system consisting of a reservoir and an array of seven microchannels is shown in figure 3 . The tool was 90 µm thick and was formed using an SU-8 casting template. Individual microchannels were 150 µm wide and over 10 mm long with 250 µm center-to-center spacing. The reservoir was 2 mm wide and 750 µm long. An embossed PMMA substrate is shown in figure 4 . The array contained channels 300 µm wide and 90 µm deep with 500 µm centerto-center spacing. SEM images of two additional embossed PMMA channels of different depths are illustrated in figures 5 and 6. An array of 600 µm wide and 250 µm deep channels at 1 mm center-to-center spacing fabricated using SU-8 casting template is shown in figure 5 . An SEM of a 40 µm wide and 5 µm deep array of microchannels with 90 µm center-to-center spacing is shown in figure 6 . The microchannels were fabricated in PMMA using AZ4620 casting template.
An orthogonal 3D PDMS tool illustrating a single microchannel is shown in figure 7 . The embossing tool contained microchannels 1 mm wide and 110 µm thick. The 20 µm deep rectangular indents in the microchannel top surface were 500 µm wide and 250 µm long with 1 mm centerto-center spacing along the microchannel length. Orthogonal 3D tools containing triangular features in microchannel bottom surface were also fabricated (not shown). Resulting 1 mm wide and 110 µm deep microchannels embossed in PMMA are presented in figure 8 . The 20 µm thick rectangular features formed in the microchannel bottom surface were 500 µm wide and 250 µm long with 1 mm center-to-center spacing and 250 µm spacing from channel wall on either side. The 20 µm thick triangular structures were 500 µm wide at the base with the same spacing as the rectangular features. PDMS is a durable material and regardless of feature sizes and aspect ratios, the overall process time of fabricating the embossing tool remains the same. PDMS is inert and does not adhere to many materials, which is an important criterion for an embossing tool. The poor adhesion between PMMA and PDMS [2] is used to our advantage in this technique to ensure no adhesion between the tool and plastic during the deembossing stage. Further, like CNC machining, the entire tool is fabricated of the same material, which prevents adhesion problems between the substrate and tool features. Though the molding template for casting can be fabricated by many techniques, including silicon etching, nickel electroplating or conventional machining of hard materials, a lithographically defined template in SU-8 or AZ4620 on a silicon wafer is by far the simplest.
The sidewalls of a PDMS tool and the resulting PMMA microchannel shown in figure 9 demonstrate the high fidelity of the embossing process. The tool sidewall roughness is the direct result of photoresist processing during mold fabrication and is not due to de-embossing since PDMS casting has been shown to be accurate to the nanometer scale [21] and since PDMS is known to have poor adhesion to PMMA [2] . Modifying sidewalls of SU-8 with O 2 plasma can reduce sidewall roughness, but can also increase adhesion with cured PDMS. In this case, further processing of the SU-8 template with fluorine-based plasma (e.g. CF 4 or CHF 3 ) is necessary to counteract the effects of the O 2 plasma. Exposing photoresist to silane-based chemicals has also been reported to facilitate easier removal of cured PDMS [11] .
In using polymer embossing tools, properties of the tool material influence the embossing process parameters such as the embossing force, the embossing temperature and the cycle time. PDMS tools used in this work are much softer than the conventional nickel or silicon tools, and thus a larger force was needed to drive such tools into PMMA substrates. Through experimentation, we found force on the order of 4.5 kN cm −2 was needed with our tools in contrast to typical embossing forces of 0.5-2 kN cm −2 used with conventional tools [12] . This was necessary to ensure faithful replication (a) ( b) Figure 9 . SEM of (a) the sidewall of a 90 µm thick PDMS tool and (b) the sidewall of a 90 µm deep trench. of features, especially in the case of high aspect ratio or tall structures. Additionally, force uniformity was critical to prevent inconsistency in channel depths and also to protect the tool during de-embossing. It was especially important in our process since de-embossing was performed manually by peeling off the tool from the plastic. Since our embossing tools were formed from an elastomer material, vertical compression during embossing impeded uniform force transfer. In fact, the overall tool thickness was key to transferring the embossing force uniformly. We found that the thickness of PDMS tools needed to be at least 5 mm in order to minimize elastomer compression and to uniformly transfer the embossing force.
Another important parameter is the embossing temperature. In this work, the embossing temperature of 146
• C was approximately 40
• C above the T g of PMMA to ensure faithful replication of the tool. We believe this larger increase in temperature as compared to embossing with conventional tools was needed to further raise mobility of PMMA chains to permit embossing with a soft tool. Profilometer measurements showed considerable compression effects when embossing was performed at lower temperatures.
The cycle time in our embossing process was nearly 1 h, a significant increase over the traditional time of approximately 10 min [12] . This increased cycle time was partly due to the significantly lower thermal conductivity of PDMS, which is for nickel and 157 W (m K) −1 for silicon [34] .
The other contributor to the increased cycle duration was the extended embossing time when the PDMS tool was driven into the softened PMMA thermoplastic. PDMS is a soft material and has a relatively low modulus of elasticity, approximately 750 kPa for the standard 10:1 formulation of the elastomer precursor and curing agent mixture [35] . By contrast, traditional embossing tools are significantly harder, 200 GPa for nickel and 47 GPa for silicon [34] . Thus, PDMS tools must be driven into thermoplastics at a lower rate than nickel or silicon tools. Further, we hypothesize that during the initial moments of the embossing process, PDMS is partially compressed and additional time is needed to permit PDMS chains to relax and force PMMA chains apart. Through experimentation, we found the embossing time reduced by several minutes for the 5:1 PDMS mixture. This harder formulation of PDMS has a higher modulus of elasticity, approximately 868 kPa [35] , which permitted us to drive the PDMS tool into the thermoplastic at a higher rate.
The PDMS tools showed no failure after 20 cycles of embossing, as evidenced by profilometer readings shown in figure 10 , with minor damage occurring in the later cycles. PDMS tools 20 µm and 70 µm in thickness were used to emboss PMMA for 25 cycles to investigate tool lifetime. Profilometer measurements were taken at different embossing cycles on both the tool and the resulting channels. We observed that cross-sections of the 20 µm deep channels were identical to that of the tool for all 25 embossing cycles. However, the 70 µm deep channels showed a loss of approximately 4% in channel depth. While the reason for this loss of depth is not clear, one possible explanation is that the thicker PDMS tools displace more thermoplastic material reaching a point at which forces generated by the relaxing tool are equilibrated by the resistance forces due to rearrangement of the thermoplastic polymer chains.
Ultimately, lifetime of a PDMS tool is determined by the aspect ratio of its features. Tools containing tall, high aspect ratio structures exhibit a shorter lifetime than those with low aspect ratio features. Table 1 summarizes overall properties of the PDMS tools produced in this work. With high-resolution mask printing on transparencies and PDMS tool fabrication completed in 4 h, a complete microfluidic device can be formed in less than 24 h.
Conclusions
The fabrication process described in this work focused on reducing the time, complexity and cost involved in fabricating prototype microfluidic chips. The described method has significantly reduced the time needed to fabricate embossing tools and provides an alternative to current techniques. Our approach relies on using PDMS tools fabricated by casting on SU-8 or AZ4620 molds, to emboss thermoplastics. Microchannels with aspect ratios of up to 2 and a minimum feature size of 40 µm in width have been successfully fabricated in PMMA. The process was also extended to fabrication of orthogonal 3D microchannels using multiple lithography steps. No compression of the tool during embossing of low aspect ratio structures was observed. For tall, high aspect ratio structures, tool compression did occur and was minimized by optimizing the embossing parameters (force, temperature and cycle time) and the overall thickness of the PDMS tool. The increase in the embossing force and the soft nature of PDMS limit the tool lifetime to approximately 20 cycles. Overall, the key advantage of our approach is the significant reduction in overall process time and its application to rapid prototyping. When combined with a high-resolution mask printing on transparencies, a complete microfluidic device can be fabricated in less than 24 h.
